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(57) ABSTRACT

An annular mesh expandable radially from a compact diam-
eter to a radially-expanded deployed disposition in which the
mesh is capable of sustaining a radially outwardly directed
resistive force even when flexing its longitudinal axis out of a
straight line, the mesh being composed of stenting struts, the
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around the circumference of the lumen, with occasional con-
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there is a non-constant increment of strut length, serving to
displace along the longitudinal axis each unit cell relative to
the circumferentially next adjacent unit cell.
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1
ANNULAR MESH

PRIORITY

This application is a U.S. national stage application under
35 USC §371 of International Application No. PCT/EP2007/
058912, filed Aug. 28, 2007, claiming priority to United
Kingdom Patent Application No. 0616999.9, filed Aug. 29,
2006, each of which is incorporated by reference in its
entirety into this application.

FIELD OF THE INVENTION

This invention relates to an annular mesh that defines a
lumen that surrounds a longitudinal axis of the mesh, the
mesh being capable of sustaining a radially outwardly
directed resistive force even while flexing in response to
externally applied forces that bend its longitudinal axis out of
a straight line, the mesh being composed of struts, the struts
defining a plurality of repeating unit cells each with a closed
periphery, a string of said unit cells providing each of a
plurality of stenting loops that surround said lumen.

BACKGROUND ART

Such an annular mesh is the operative part of a bodily
prosthesis that is commonly known as a stent. The purpose of
the stent is to maintain a bodily lumen patent and, to do this,
the mesh of the stent must resist the radially inward pressure
of the bodily tissue that would otherwise close the bodily
lumen.

As usage of annular mesh stents becomes ever more
sophisticated, the demands for the annular mesh to be flex-
ible, even while it resists radially inward pressure from bodily
tissue, also increase. Stent designers have found it difficult to
increase flexibility (in response to requirements for the lon-
gitudinal axis of the mesh to bend out of a straight line) while
retaining adequate resistance to radially inward forces on the
mesh.

Readers will readily appreciate that improvements in stent
design could yield annular meshes that are interesting for
application beyond bodily prostheses, whenever a combina-
tion of good resistance to radially inward force, and good
bending flexibility, is required. The present invention may
have applications beyond bodily prostheses and therefore the
definition of the present invention refrains from limitation to
stents.

Up to now, there have been two archetypal stent mesh
designs, the first exhibiting a sequence of stenting rings each
of' which is a closed loop around the longitudinal axis. Adja-
cent stenting rings need to be connected so as to maintain a
predetermined spacing between adjacent stenting rings along
the length of the stent. Individual stenting rings have little or
no capacity to bend when the longitudinal axis of the annular
mesh is urged by external forces into a bent rather than a
straight line, so the connectors between adjacent stenting
rings carry most of the strain that allows such bending.
Increasing the number of connectors increases the rigidity of
the mesh, but an insufficient number of connectors can preju-
dice the integrity of the mesh. In consequence, many of the
connectors evident in commercial stents are long and serpen-
tine rather than short and straight. For examples of ring stents,
see for example U.S. Pat. No. 6,770,089, U.S.2002/0116051
and WO publications 2005/067816, 96/26689, 99/55253 and
03/055414.

The other characteristic form of a stent mesh is the helical
stent, in which stenting struts proceed as zig zags around a
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spiral path from one end of the stent to the other. Connectors
may be provided at spaced intervals, between successive
turns of the spiral, for locational integrity of the mesh. A spiral
form mesh has inherently more flexibility, and less resistance
to radially inwardly directed forces, than is the case with a
stack of closed stenting loops arranged transverse to the lon-
gitudinal axis of the annulus of the stent. For examples of
helical stents, see for example, EP-A-1245203 and 870483,
U.S. Pat. No. 6,053,940 and WO publications 2002/049544
and 01/018839.

Considering both the “ring stent” and “helical stent” cat-
egories, stenting loops advance around the circumference of
the stent lumen as a zig-zag of stent struts that alternate with
zones of inflection. Taking the line that is the bisector of the
angle between two adjacent struts of a zig-zag loop, that
bisector will likely lie parallel or near parallel to the longitu-
dinal axis of the stent lumen, in any ring stent. Conversely, in
any helical stent, that bisector will likely lie at an angle to the
longitudinal axis, that is larger as the helical pitch of the
stenting loops gets larger.

SUMMARY OF THE INVENTION

The present inventor recognized the advantages in retain-
ing something of the flexibility of the spiral stent mesh,
together with something of the radial force capability of
closed stenting loops. This he accomplishes by providing a
unit cell for the stent matrix, which resembles that of a ring
stent yet, when assembled into the stent matrix, yields a spiral
wind of unit cells around the longitudinal axis of the stent.

The point can be illustrated by a chessboard. A ring stent is
like a rook (castle). The zig-zag stenting ring advances around
the circumference strictly perpendicular to the longitudinal
axis of the stent lumen. A helical stent is like the bishop. He
advances in a straight line again, but slanting to the long axis
of'the lumen. Embodiments of the present invention exhibit a
path of advance of the zig-zag stenting loops like the way the
knight moves—forwards, then across, then forwards again.

In one embodiment of annular mesh in accordance with the
present invention, successive stenting loops are joined end-
to-end in a continuous spiral around the longitudinal axis of
the annulus, but the successive turns of the spiral are made out
of a plurality of unit cells, each with a closed periphery. The
closed cells contribute a greater capability than a pure spiral
stent to resist externally imposed radially inwardly directed
forces, while the spiral architecture of the mesh contributes
more flexibility than a closed loop stent mesh. Not all struts
that make up the periphery of the unit cell share the same
length. By introducing a strut length increment within the
periphery, the invention can be realised.

Thinking about conventional ring stents, typically all struts
in a unit cell have the same length. As for conventional spiral
stents, the struts typically exhibit a constant incremental shift
of the position of the struts along the longitudinal axis of the
stent. In the present invention, the periphery of the unit cell is
characterised by a departure form this degree of uniformity.

Typically, in an annular mesh in accordance with the
present invention, there is a strut that is shared by two adjacent
unit cells, that strut contributing to the periphery of both of the
two adjacent cells. In one embodiment, each such strut has a
length direction that is parallel to the longitudinal axis. In
other embodiments, the length direction of the strut is not
parallel to the longitudinal axis.

Looking at the unit cells of prior art closed loop stenting
meshes, it is often possible to identify a unit cell that exhibits
mirror symmetry about a plane that includes the longitudinal
axis of the mesh. Typically, in the present invention, the unit
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cell lacks such mirror symmetry. Instead, the unit cell of the
present invention typically exhibits 180° rotational symmetry
about a rotational axis that is perpendicular to the longitudinal
axis of the annular mesh and also intersects the longitudinal
axis of the annulus. In stent strut matrices, simplicity is a
desirable objective. If only for this reason, stent unit cells with
180° rotational symmetry are preferred.

Below is a detailed description of individual embodiments,
which helps to make this more clear.

The mesh of the present invention finds particular applica-
tionina stent for transluminal implantation in a body, and that
stent may be, for example, a self-expanding stent or a balloon
expansible stent. Conveniently, the annular mesh is formed
from a sheet-form workpiece and, although that workpiece
could be a flat sheet, it is desirably in the form of a seamless
tube. The art of creating a stent mesh by cutting slits in a
workpiece is by now quite well known. Typically, a computer-
controlled laser is employed to cut slits in a seamless tubular
workpiece held on a jig and, typically, the slits are parallel to
the long axis of the workpiece.

While an annular mesh in accordance with the present
invention typically displays a single spiral of the unit cells,
that exhibits a pitch that corresponds to the length of the unit
cell in the longitudinal axis direction of the annulus, this need
not be so. One envisages meshes that exhibit a double spiral,
but this is unlikely to be preferred, because of the constraints
which such a design imposes on the dimensions of the unit
cell.

Desirably, the spiral pattern mesh will exhibit connectors
regularly arranged around the circumference of the annulus
with the view to maintaining desired axial spacing between
successive adjacent turns of the spiral. Preferably, these con-
nectors are staggered circumferentially with respect to the
connectors joining the next adjacent pair of stenting loops
around the annulus, for optimising the balance between flex-
ibility and structural integrity. With the inherent flexibility of
a spiral pattern, one envisages the possibility of using simple
straight struts as connectors, and not needing to resort to the
lengthy or serpentine connectors often found in prior art stent
meshes. Simplicity of design is always an advantage, and
stent architecture is no exception.

One way of recognising the hybrid nature of the stents
according to the present invention is to contemplate the ori-
entation of the bisector of the angle between the struts that
form any one zig-zag of the mesh. It will tend to be parallel or
near parallel to the longitudinal axis of the stent lumen, more
like a ring stent than a helical stent. Yet, overall, the mesh of
the present stents is recognisably a helical pattern rather than
a stack of closed stenting loops.

The inherent flexibility and radial strength of the annular
mesh of the present invention will be useful not only for bare
stents but also for the stent meshes used in grafts, or other
annular meshes used in surgical tools such as vascular filters,
in which the mesh would be used to carry a filter membrane.

For a better understanding of the present invention and to
show more clearly how the same may be carried into effect,
reference will now be made, by way of example, to the
accompanying drawings. These are incorporated herein and
constitute part of this specification. They illustrate presently
preferred embodiments of the invention and, together with the
general description above, and the detailed description below,
serve to explain the features of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1to 4 each show a view of an annular mesh, opened
out flat in a radially expanded configuration;

10

15

20

25

30

35

40

45

50

55

60

65

4

FIG. 5 shows a fragment of a laser cutting pattern on a
tubular workpiece laid out flat;

FIG. 6 shows at smaller scale the complete workpiece of
FIG. 5;

FIG. 7 is a photograph of part of the FI1G. 6 workpiece after
radial expansion;

FIG. 8 is a schematic representation of the strut pattern of
FIG. 7; and

FIG. 9 is a diagram of the way three chess pieces more over
a chessboard.

DETAILED DESCRIPTION

It is convenient, for two dimensional drawing sheets, rep-
resenting an annular mesh matrix, to open the matrix out and
lay it flat on the plane of the drawing sheet. This has been
done, in each of the accompanying drawing FIGS.1t0 4,5, 6
and 8. The skilled reader will appreciate that each of drawing
FIGS.11t04,5, 7 and 8 shows only a representative portion of
the annular mesh, enough to reveal the characteristic repeat-
ing unit cell so that the reader can complete the rest of the
annular mesh. In each case, the longitudinal axis of the annu-
lar mesh extends horizontally across the drawing page. Thus,
for investigation of mirror symmetry of one of the unit cells
displayed in any of the attached drawing sheet, one considers
symmetry across a plane that extends perpendicular to the
plane of the page, and lies in the East-West direction. For
rotational symmetry, the relevant rotational axis is one that
extends perpendicularly upwards out of the plane of the draw-
ing page. After having considered the drawings, and the iden-
tification of the respective unit cell, the reader will be able to
determine and confirm that none of the illustrated unit cells
displays symmetry across a mirror plane as thus defined but
all of the unit cells display 180° rotational symmetry about a
rotational axis extending perpendicularly upwards from the
plane of the drawing.

Looking first at drawing FIG. 1, we can ascertain in the
drawing a portion of the mesh that includes four slanting
zig-zag strings of stenting struts, marked A, B, C and D. The
repeating unit cell is marked U1 and there are two such unit
cells needed to make up one complete turn around the cir-
cumference of the annulus. The zig-zag strings A and B are
bridged by only two connector struts 10 and 12, it being
appreciated that strut 12 between strings A and B at the footof
the page is the same as strut 16 between strings C and D at the
top of the page of drawing FIG. 1 connecting zig-zag strings
C and D. Likewise, zig-zag strings C and D are connected by
only two struts 14 and 16.

The connector struts 13 and 20 that connect zig-zag strings
B and C are circumferentially staggered relative to the struts
10, 12, 14 and 16 that make up parts of the periphery of the
unit cells in the next adjacent stenting loops, formed by
strings A and B and strings C and D respectively. There are
two unit cells U1 lying between zig-zag string B and zig-zag
string C. One of those unit cells is evident, in full, in FIG. 1.
The other is just as much a closed periphery cell, even though
in FIG. 1 it appears in two separate halves, both with an
incomplete periphery, and marked U2t at the top of the page
and U2b at the bottom of the page. In other words U2+
U26=U1.

The drawing shows the annulus in a radially expanded
disposition, ready to resist radially inwardly directed forces
tending to reduce the diameter of the lumen surrounded by the
annular mesh. Supposing that the mesh is representative of
the strut matrix of a transluminally delivered stent, one can
imagine the disposition of the struts shown in FIG. 1 when the
strut is in a radially small transluminal delivery disposition,
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by compressing the strut arrangement presented in FIG. 1, in
a North-South direction on the drawing page (supposing
North is at the top of the page). The skilled reader will appre-
ciate that all of the struts concertina or fold down to a dispo-
sition in which they are lying more or less horizontally, East-
West, on the drawing page. One can further imagine how such
astrut matrix can be made from a seamless tubular workpiece,
by laser cutting slits in the workpiece, to leave struts having
the wall thickness of the annular workpiece, all such slits, and
all such struts, having a length direction parallel to the East-
West longitudinal axis of the annular mesh shown in the
drawing.

It will be evident that the design shown in FIG. 1 is of unit
cells with shared boundaries, obviating the need for any con-
nector struts between adjacent unit cells that do not them-
selves constitute a part of the closed periphery of one or other
unit cell of the matrix. One can imagine struts 18 an 20 as
connectors, connecting like unit cells lying between zig-zag
strings A and B with end cells located between zig-zag strings
A and B. However, struts 18 and 20 are themselves part of the
closed periphery ofunit cells of the same form, lying between
zig-zag strings B and C.

Also evident from FIG. 1 is that not all the stenting struts in
each zig-zag string A, B, C, D have the same length. Struts
such as strut 22 are notably short. In each unit cell U1, we can
discern two of the short struts 22. Rotating the unit cell by
180° about a rotational axis perpendicular to the plane of the
page will bring each of the two short struts to the location of
the other of the two short struts in any of the unit cells.

Turning to FIG. 2, presented is a unit cell that exhibits
around its periphery a larger number of struts than is evident
from the unit cell of FIG. 1. In FIG. 2, a string of only three
unit cells is needed to complete a circumference of the annu-
lus of the mesh. It will again be appreciated that unit cell U3
has 180° rotational symmetry but not mirror plane symmetry.
Imagining the mesh compressed in the North-South direction
on the page, one can appreciate that, in the radially com-
pressed disposition of the mesh, all slits and all struts extend
East-West on the page, parallel to the longitudinal axis of the
annulus.

The design of FIG. 3 differs from the designs of FIG. 1 and
FIG. 2 in that the adjacent loops of unit cells U4 are spaced
from each other longitudinally (East-West in the drawing) but
joined to each other longitudinally by connector struts 40, of
which there are four, spaced by equal intervals around the
circumference of the annulus. Compared to the unit cell U1 of
FIG. 1, each unit cell U4 has around its periphery four more
stenting struts, two in each zig-zag string. This extra zig-zag
in the circumferential length (North-South in the drawing) of
each unit cell U4 provides the scope for placing connector
struts 40 at locations intermediate the circumferential end
struts 42, 44 of each of the unit cells. Interesting is that the
cells of each stenting loop of four unit cells U4 are not cir-
cumferentially staggered relative to the cells of the axially
next adjacent string of unit cells U4. However, lying axially
between the two shown strings of unit cells U4 is a string of 4
unit cells U5 that are alike with each other but different from
the unit cell U4.

The view from any unit cell U4, looking along the longi-
tudinal axis of the annulus, is of other unit cells U4, located
(in the drawing) due East and due West of the viewing posi-
tion, without any circumferential stagger towards the North or
the South. Nevertheless, by virtue of the different length
struts, any particular peak point of inflection 46 faces in the
longitudinal direction of the annulus a valley 48 between two
struts 50 and 52 of the next adjacent unit cell linked by the
connector strut 40. Thus, the arrangement of unit cells and
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connector struts is relatively simple (all struts are cut straight)
yet the “peak-to-valley” configuration in the radially
expanded disposition shown in FIG. 3 has the merit that
flexing of the annular mesh, when the longitudinal axis is bent
out of a straight line, does not have the tendency to bring
peaks like peak 46 into face-to-face contact with equivalent
peaks on a next adjacent stenting loop but, rather tends to
bring them down into a valley such as valley 48. Such a
configuration is particularly attractive to have, on the inside of
the bend, when the annular mesh is being deformed around a
tight radius.

It will also be appreciated by skilled readers that although
struts 40 are on a line that slants relative to the longitudinal
axis of the annulus, when the mesh is in the expanded dispo-
sition as shown in FIG. 3, that same strut 40, in the radially
compact disposition of the mesh will be parallel to the longi-
tudinal axis. Again, the mesh of FIG. 3 is one that can be made
from a seamless tubular workpiece by cutting slits all parallel
to the long axis of the tube, to create struts all parallel to the
long axis of the tube, which only depart from such a parallel
(East-West in FIG. 3) direction, when the mesh is radially
expanded up into the opened out zig-zag configuration to be
seen from FIG. 3. Again, this is a win for simplicity, this time
in the slit-and strut-cutting part of the manufacturing process.

Finally, the unit cell of FIG. 4, U6 is not unlike the one
presented in FIG. 2. The most evident difference is the orien-
tation of the strut 50 that is shared between two adjacent unit
cells of the stenting loop. Although the connector strut 50 is
slanting to the long axis of the annulus when viewed in the
expanded configuration of FIG. 4, once again, concertina
compression North-South of the mesh of FIG. 4 down to the
radially compact disposition in which an annular workpiece
can be slitted to provide the strut seen in FIG. 4 will bring strut
50 into an orientation in which it is parallel to the East-West
longitudinal axis of the annulus of the FIG. 4 mesh.

It will be appreciated that the unit cells of FIGS. 2 and 4
share with those of FIG. 1 the characteristic that the periph-
eral stenting struts of each unit cell (except connector strut
50), are shared with the adjacent unit cell lying respectively
East and West of the unit cell seen in FIG. 4, that is, next
adjacent in the longitudinal direction of the annulus of the
mesh. Struts 50 are connectors, but also struts contributing to
the closed periphery of a unit cell U5. There are no connectors
in the annular meshes of any of FIGS. 1, 2 and 4 which are not
also struts that are part of the periphery and closed circum-
ference of a unit cell of the matrix.

Although the various unit cells of FIGS. 1-4 have been
described individually, it is intended that various combina-
tions of the respective unit cells of FIGS. 1-4 be utilized for a
stent framework. For example, a stent framework can be
constructed, in sequence, unit cells of FIG. 1 connected to the
unit cells of FIG. 2, which are connected to the unit cells of
FIG. 3, which are also connected to the unit cells of FIG. 4,
i.e., FIG. 1-FIG. 4-F1G. 2-FIG. 3, FIG. 4-FIG. 1-FIG. 2-FIG.
3 and so on in at least 24 different permutations.

Attention is now directed to drawing FIGS. 5 to 8. FIG. 6
shows a stent matrix from one end to the other, laid out flat.
FIG. 5 shows a middle portion of the length of the FIG. 6 stent
matrix. Thus, features of the repeating stenting strut matrix
will be described by reference to FIG. 5, where the dimen-
sions are bigger, whereas features visible only at the ends of
the stent matrix will be described by reference to FIG. 6.

Looking at FIG. 5, we see a multitude of slits that are linear
and parallel to the longitudinal axis of the stent lumen, each
stenting strut having a constant width in the circumferential
direction of the matrix. For clarity, only one of the struts 110
has alead line and reference number, only one of the laser cut
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slits 112 and in only one location, reference W, the charac-
teristic circumferential width of the stenting strut as indi-
cated.

Overall, the matrix displays a slanting or helical pattern, in
that each sequence of stenting struts alternating with points of
inflection 114, is seen to lie between notional slanting lines S1
and S2 that lie at an acute angle to the longitudinal axis of the
matrix. By contrast, a so-called “ring stent” would display
stenting rings between two notional lines that are perpendicu-
lar to the longitudinal axis of the stent.

Each of the inclined zig-zag stenting loops is joined to the
adjacent stenting loop by connector struts 116 that are seen to
have a circumferential width of 2W and that extend across the
slanting lines S1 and S2 with a length direction parallel to the
long axis of the stent. As can be see, there are four such
connector struts 116 in each turn of the stenting loop around
the axis of the matrix. It is part of the advantage of the
invention that it can yield stents with a high flexibility even
through stenting loops are connected by a plurality of simple
short straight axial connectors.

It can also be seen that there are “holes” 113 in the matrix,
that is, through apertures in the stent wall, of substantial open
area, even in the as cut matrix, which holes also span the slant
line 81, S2 and lie between two adjacent stenting loops. These
holes 118 arise during the laser cutting of the stent matrix,
after the laser has cut all around the periphery ofhole 118. See
our own earlier WO 2001/032102 for a description of the
creation of similar holes.

Importantly, each stenting loop 120 that lies between two
slanting lines, for example S1 and S2, exhibits loop portions
with a constant length of laser cut 112 and stenting strut 110.
Furthermore, these cuts, struts and points of inflection 114
present an appearance of part of a ring stent with its stenting
loops perpendicular to the long axis of the stent. They are
interspersed by occasional, shorter than usual struts 122 that
are contiguous with a connector strut 116. The skilled reader
will appreciate that the response of a strut to any particular
applied bending stress depends on the length of that strut.

Beforeleaving FIG. 5 it is important to note that every point
of inflection 114 is facing “head-on” a point of inflection of
the next adjacent stenting loop, either across a gap 118 or
indeed “nose-to-nose” as at 124.

Moving to FIG. 6, we see in particular an architecture at
each end of the stent, between the slanting architecture of the
main length of the stent and the end stenting rings 130, one at
each end of the stent. Connecting the slanting architecture to
the perpendicular end ring are four connector struts distrib-
uted evenly around the circumference of the lumen, but these
four struts, 132, 134, 136 and 138 are of different lengths and
widths. The reader will appreciate that the meeting of a spiral
pattern and a perpendicular end ring is necessarily going to
give rise to “holes” between the slanting and perpendicular
architecture that are unsymmetrical. The holes in the present
case are referenced 140, 142, 144 and 146. Hole 140, in
particular, is relatively large in the axial direction.

Turning now to drawing FIGS. 7 and 8, we see the FIGS. 5
and 6 matrix in expanded disposition, as it would be when
working to hold radially open a bodily lumen. FIG. 7 is useful
because it is a photomicrograph of a real embodiment, so that
it gives an impression of the way in which shorter struts bend
less than longer ones. FIG. 8 is schematic and does not show
this reality. Its suggestion that every strut is inclined at the
same constant angle to the longitudinal axis of the stent
lumen, in the expanded configuration, is not the reality. Nei-
ther does FIG. 8 preserve the relative scale of the length
difference between the regular strut length 110 and the occa-
sional “special” strut length 122. In reality, as seen in FIG. 7
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and FIGS. 5 and 6, the occasional short strut is nearly as long
as the normal strut 110. However, FIG. 8 is useful in showing
how points of inflection 114 no longer face each other head
on, across a short axial gap. At those locations where the
points of inflection would be “nose-to-nose” especially on the
inside of a bend when the stent is bent into a banana shape, as
might happen in normal use in peripheral vascular applica-
tions, we see the points of inflection to be circumferentially
staggered relative to each other so that there is a minimal risk
of'them impacting nose-to-nose, on the inside of the bend, in
use of the stent.

Notably, the presence of distinct “holes™ 118, in FIGS. 5
and 6 is no longer apparent in the stenting disposition of
FIGS. 7 and 8. Instead, these zig-zag strut patterns give every
appearance of providing uniform cover for the entirety of the
bodily lumen to be stented, without any longer any “holes”
through which bodily tissue can easily pass.

It should also be noted that the huge increase in circumfer-
ential length, on moving from the as cut configuration of FIG.
5 to the working disposition of FIGS. 7 and 8 has the effect of
bringing the slant angle (S1, S2) back much closer to perpen-
dicular to the long axis of the lumen. Whereas the cut pattern
of FIG. 5 looks strikingly helical, the strut pattern being
displayed in FIGS. 7 and 8 looks much closer to that of a ring
stent with axially spaced, discrete, endless stenting loops. It
will appreciated that the greatest radial force that can be
generated by a particular stent architecture is when the zig-
zag loops are arranged in endless loops, discrete, and in a
stack spaced along the axis of the stent. FIG. 7 is quite a close
approximation to this ideal.

FIG. 8 serves another useful purpose, to render more easily
visible the hybrid (intermediate between “ring” and “spiral”
stent) nature of the embodiment.

We see in the strut matrix a plurality of nodes 160, where
three struts end, one of which is a connector strut 116. In this
embodiment each node 160 is also a point of inflection 114
between a regular stenting strut 110 and one of the occasional
shorter struts 122.

Let us examine the zig-zag string of stenting struts that
includes the three leg nodes 16 A, B, C and D. Each portion of
the zig-zag string, between any two adjacent nodes A-B, B-C,
C-D, is a portion of a stenting ring that is orientated perpen-
dicular to the stent axis. Each circumferential portion A to B,
B to C, C to D is axially stepwise offset from its neighbour
portions, the step occurring at the three leg node. The same
can be discerned in the other drawing figures but the sche-
matic representation of FIG. 8 makes it a little easier to
recognise. Making, in FIG. 8, the short struts 122 exaggerat-
edly shorter also helps to reveal the effect.

Looking at FIG. 8 and concentrating on a unit cell with a
circumference that displays 6 three leg nodes, one can recog-
nise two pairs of nodes defining the corners of the unit cell at
each circumferential end of the cell. In unit cell 170, for
example, nodes 160B and 160D are each a member of such a
pair. Part way along each of the two long sides of the cellis a
further three leg node 160C and 160E. In the middle portion
of'170H of the length of the unit cell 170, the left hand (in the
drawing) wall of the cell above node 160E is stepped axially
to the left at node 160E, but the right hand wall does not do so
until node 160C. Thus, the portion 170H corresponds to a
“hole” 118. But it does not look much like a “hole” in the “real
life” photograph of FIG. 7 because the differential bending
performance of the different length struts are compensating
for the effect, and thereby tending to “fill” the hole with stent
strut zig-zag portions. This is an incidence of serendipity, a
happy unanticipated coincidence which enhances the perfor-
mance of the design.
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The stent strut matrix designs of the present invention lend
themselves to covered stent embodiments, such as stent
grafts. The “holes” 118 can offer good possibilities for bond-
ing together, across the stent wall, films or membranes (such
as of expanded PTFE) that lie radially within and outside the
stent annulus. The state of the art is replete with teachings
how to apply coatings to stents but a stent matrix in accor-
dance with this invention offers possibilities not available
with prior art stent strut matrices.

The layout of struts in the real life expanded configuration
(such as shown in FIG. 7) can be managed by somehow
restraining the struts on a jig, in the layout desired, during
heat-setting of the stent shape which is to be “remembered”
by its shape memory alloy. This can be done, for example, by
heat-setting the stent matrix on a mandrel which has been
engraved with the desired stent pattern. The struts are accom-
modated in the troughs of the engraving, during the heat-
setting step.

Finally we turn to FIG. 9 of the drawings, and the reference
earlier in this description to the way in which pieces move on
a chessboard. Looking at the diagram of FIG. 9, length along
the stent lumen is indicated by the X-axis L., whereas move-
ment around the circumference of the stent lumen is indicated
by progress along the Y-axis marked C. For a ring stent we use
the symbol for the chess piece called the “rook™ or “castle”
and this of course is a line that is perpendicular to the long axis
of the stent and that extends simply all the way around the
circumference. Likewise, a helical stent, like a spiral wire that
“unwinds” when placed in a bodily lumen (the original “Dot-
ter” prosthesis) can be represented by the symbol for a
“bishop” chess piece, that moves sideways as much as it
moves up and down the chessboard, but always in a straight
line.

By contrast, the “knight” chess piece follows a distinctive
path that can be characterised as “two steps forward and one
step across” (the knight has other possibilities such as “two
steps across followed by one step backwards” but for the
purposes of the present description we need not concern
ourselves with these other possibilities. Important to stress is
that the present invention seeks to take the best of both the
ring stent and the spiral stent, and to do this by building
stenting loops that, in one sense, advance around the circum-
ference in a direction perpendicular to the stent axis while, in
another sense, spiraling around the lumen. To do this, the
zigzag loops can advance for a circumferential portion per-
pendicular to the axis and then step axially sideways, before
resuming their advance, for another small portion of the cir-
cumference, perpendicular to the longitudinal axis of the
annulus. See FIGS. 5 and 6.

The aim to achieve the “best of both worlds” is of course to
achieve the radial force of a ring stent with the flexibility of a
spiral stent. Intuitively, one can see from FIG. 7 that the
embodiments of the present invention probably do provide a
high proportion of the stenting force of a ring stent. When it
comes to flexibility, one can also intuitively see from FIGS. 7
and 8 that bending the stent into a banana shape is probably
going to be achievable without too much local overstressing
of the material of the stent, even to the extent of allowing
points of inflection of the zig-zag stenting rings to pass by
each other as they enter the substantially triangular spaces
available between two struts of the adjacent stenting ring, the
impact of points of inflection, nose-to-nose being generally
avoided.

In this way, stents according to the present invention offer
the possibility of achieving, simultaneously, both a high
radial stenting force and a high tolerance of bending after
placement in the body.
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Where undulations are embodied in the form of zig-zag
struts, the zig-7ag struts may include a repeating pattern made
of an unit of four generally linear members that extend
oblique to the longitudinal axis to intersect each other at three
apices spaced apart circumferentially and axially. Also, the
prosthesis can utilize not only the circumferential bridges but
also other bridge configurations in combination. Alterna-
tively, the bridge directly connects a peak of one circumfer-
ential section to another peak of an adjacent circumferential
section. In yet another alternative, the bridge may connect a
peak of one circumferential section to a trough of an adjacent
circumferential section. In a further alternative, the bridge can
connect a trough of one circumferential section to a trough of
an adjacent circumferential section. Moreover, the undula-
tions can be wave-like in pattern. The wave-like pattern can
also be generally sinusoidal in that the pattern may have the
general form of a sine wave, whether or not such wave can be
defined by a mathematical function. Alternatively, any wave-
like forms can be employed so long as it has amplitude and
displacement. For example, a square wave, saw tooth wave, or
any applicable wave-like pattern defined by the struts where
the struts have substantially equal lengths or unequal lengths.
And as used herein, the term “implantable prosthesis™ is
intended to cover not only a bare stent but also coated, cov-
ered, encapsulated, bio-resorbable stent or any portion of
similar stents.

Bio-active agents can be added to the prosthesis (e.g.,
either by a coating or via a carrier medium such as resorbable
polymers) for delivery to the holt’s vessel or duct. The bio-
active agents may also be used to coat the entire stent. A
material forming the stent or coupled to the stent may include
one or more (a) non-genetic therapeutic agents, (b) genetic
materials, (c) cells and combinations thereof with (d) other
polymeric materials.

(a) Non-genetic therapeutic agents include anti-thrombo-
genic agents such as heparin, heparin derivatives, uroki-
nase, and PPack (dextrophenylalanine proline arginine
chloromethylketone); anti-proliferative agents such as
enoxaprin, angiopeptin, or monoclonal antibodies
capable of blocking smooth muscle cell proliferation,
hirudin, and acetylsalicylic acid; anti-inflammatory
agents such as dexamethasone, prednisolone, corticos-
terone, budesonide, estrogen, sulfasalazine, and
mesalamine; antineoplastic/antiproliferative/anti-mi-
otic agents such as paclitaxel, S-fluorouracil, cisplatin,
vinblastine, vincristine, epothilones, endostatin,
angiostatin and thymidine kinase inhibitors; anesthetic
agents such as lidocaine, bupivacaine, and ropivacaine;
anti-coagulants, an RGD peptide-containing compound,
heparin, antithrombin compounds, platelet receptor
antagonists, anti-thrombin antibodies, anti-platelet
receptor antibodies, aspirin, prostaglandin inhibitors,
platelet inhibitors and tick antiplatelet peptides; vascular
cell growth promoters such as growth factor inhibitors,
growth factor receptor antagonists, transcriptional acti-
vators, and translational promoters; vascular cell growth
inhibitors such as growth factor inhibitors, growth factor
receptor antagonists, transcriptional repressors, transla-
tional repressors, replication inhibitors, inhibitory anti-
bodies, antibodies directed against growth factors,
bifunctional molecules consisting of a growth factor and
a cytotoxin, bifunctional molecules consisting of an
antibody and a cytotoxin; cholesterol-lowering agents;
vasodilating agents; and agents which interfere with
endogenous vascoactive mechanisms.

(b) Genetic materials include anti-sense DNA and RNA,
DNA coding for, anti-sense RNA, tRNA or rRNA to
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replace defective or deficient endogenous molecules,
angiogenic factors including growth factors such as
acidic and basic fibroblast growth factors, vascular
endothelial growth factor epidermal growth {factor,
transforming growth factor alpha and beta, platelet-de-
rived endothelial growth factor, platelet-derived growth
factor, tumor necrosis factor alpha, hepatocyte growth
factor and insulin like growth factor, cell cycle inhibitors
including CD inhibitors, thymidine kinase (“TK”) and
other agents useful for interfering with cell proliferation
the family of bone morphogenic proteins (“BMP’s”™),
BIVfiP-2, BMP-3, BMP-4, BMP-5, BMP-6 (Vgr-1),
BMP-7 (OP-1), BMP-8, BMP-9, BMP-10, BMP-1,
BMP-12, BMP-13, BMP-14, BMP-15, and BMP-16.
Desirable BMP’s are any of BMP-2, BMP-3, BMP-4,
BMP-5, BMP-6 and BMP-7. These dimeric proteins can
be provided as homodimers, heterodimers, or combina-
tions thereof, alone or together with other molecules.
Alternatively or, in addition, molecules capable of
inducing an upstream or downstream effect of a BMP
can be provided. Such molecules include any of the
“hedgehog” proteins, or the DNA’s encoding them.

(c) Cells can be of human origin (autologous or allogeneic)
or from an animal source (Xenogeneic) genetically engi-
neered if desired to deliver proteins of interest at the
deployment site. The cells may be provided in a delivery
media. The delivery media may be formulated as needed
to maintain cell function and viability.

(d) Suitable polymer materials as a coating or the base
material may include polycarboxylic acids, cellulosic
polymers, including cellulose acetate and cellulose
nitrate, gelatin, polyvinylpyrrolidone, cross-linked
polyvinylpyrrolidone, polyanhydrides including maleic
anhydride polymers, polyamides, polyvinyl alcohols,
copolymers of vinyl monomers such as EVA, polyvinyl
ethers, polyvinyl aromatics, polyethylene oxides, gly-
cosaminoglycans, polysaccharides, polyesters includ-
ing polyethylene terephthalate, polyacrylamides, poly-
ethers, polyether sulfone, polycarbonate, polyalkylenes
including polypropylene, polyethylene and high
molecular weight polyethylene, halogenated polyalky-
lenes including polytetrafluoroethylene, polyurethanes,
polyorthoesters, proteins, polypeptides, silicones, silox-
ane polymers, polylactic acid, polyglycolic acid, poly-
caprolactone, polyhydroxybutyrate valerate and blends
and copolymers thereof, coatings from polymer disper-
sions such as polyurethane dispersions (for example,
BAYHDROL® fibrin, collagen and derivatives thereof,
polysaccharides such as celluloses, starches, dextrans,
alginates and derivatives, hyaluronic acid, squalene
emulsions. Polyacrylic acid, available as HYDRO-
PLUS® (Boston Scientific Corporation, Natick, Mass.),
and described in U.S. Pat. No. 5,091,205, the disclosure
of which is hereby incorporated herein by reference, is
particularly desirable. Even more desirable is a copoly-
mer of polylactic acid and polycaprolactone.

While the invention has been described in terms of particu-
lar variations and illustrative figures, those of ordinary skill in
the art will recognize that the invention is not limited to the
variations or figures described. In addition, where methods
and steps described above indicate certain events occurring in
certain order, those of ordinary skill in the art will recognize
that the ordering of certain steps may be modified and that
such modifications are in accordance with the variations of
the invention. Additionally, certain of the steps may be per-
formed concurrently in a parallel process when possible, as
well as performed sequentially as described above. There-
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fore, to the extent there are variations of the invention, which
are within the spirit of the disclosure or equivalent to the
inventions found in the claims, it is the intent that this patent
will cover those variations as well.

Finally, all publications and patent applications cited in this
specification are herein incorporated by reference in their
entirety as if each individual publication or patent application
were specifically and individually put forth herein.

The invention claimed is:

1. An annular mesh that defines a lumen that surrounds a
longitudinal axis of the mesh, wherein:

the mesh exhibits at least one 180° rotational symmetry
axis perpendicular to the longitudinal axis,

the mesh expandable radially from a compact diameter
pre-deployment disposition to an expanded diameter
deployed disposition in which the mesh is capable of
sustaining a radially outwardly directed resistive force
even when flexing in response to externally applied
forces that bend its longitudinal axis out of a straight
line,

the mesh is composed of stenting struts arranged in a plu-
rality of zig-zag strings around a circumference of the
lumen, with occasional connector struts joining adjacent
strings of stenting struts at an apex of each of the adja-
cent strings of stenting struts to create a closed circum-
ference unit cell between two such connector struts and
two adjacent connected strings of stenting struts,

a plurality of unit cells are arranged in sequence around the
circumference between said two adjacent string of stent-
ing struts;

and

a non-constant increment of strut length, within a portion
of each ofthe two adjacent connecting strings of stenting
struts bounding said unit cell, said non-constant incre-
ment of strut length serving to displace along the longi-
tudinal axis each unit cell bounded by connected strings
of stenting struts relative to the circumferentially next
adjacent unit cell bounded by the same connected strings
of stenting struts, and wherein the increment of strut
length of each of the connected strings of stenting struts
is constant, except for an axial offsetting increment that
lies between two and only two adjacent pairs of struts of
the portion, wherein the offsetting increment is different
from said constant increment, and not necessarily the
same for both of the only two adjacent pairs of struts.

2. The mesh according to claim 1, which is a stent for a
lumen of the human or animal body.

3. The mesh according to claim 1, wherein the length of the
struts of each of the connected strings of stenting struts is
constant, except for one strut in the portion of each of the two
adjacent connected strings of stenting struts, which is shorter
than the other struts of the portion.

4. The mesh according to claim 1, wherein the length of the
struts of each of the connected strings of stenting struts is
constant, except for two struts in the portion of each one ofthe
two adjacent connected strings of stenting struts, which are
shorter than the other struts of the portion.

5. The mesh according to claim 1, in which the mesh of
struts is compatible with manufacture out of a seamless tube,
by slitting the tube, through its wall thickness with a multi-
plicity of slits.

6. The mesh according to claim 5, wherein most or all of the
slits are straight.

7. The mesh according to claim 6, wherein the straight slits
are parallel to the long axis of the tube.

8. The mesh according to claim 6, wherein the connector
struts are also formable by slitting the tube.
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9. The mesh according to claim 8, wherein connector struts
are straight.

10. The mesh according to claim 9, wherein the straight
connector struts are parallel to the long axis of the tube in the
deployed disposition.

11. The mesh according to claim 1, wherein the connected
strings of stenting struts including peaks that are disposed in
a facing relationship in the compact pre-deployment disposi-
tion peak to peak, and wherein upon radial expansion to the
deployed disposition the peaks of the stenting struts move
circumferentially away from the facing relationship into a
non-facing relationship thereby enhancing a bending flexibil-
ity of the expanded mesh.

12. The mesh according to claim 1, wherein each string of
stenting struts exhibits a plurality of circumferentially spaced
apart three leg nodes, where a connector strut merges with the
string, the portion of the string between two such nodes being
oriented perpendicular to the longitudinal axis, where the
strings advance axially along the longitudinal axis.

14

13. The mesh according to claim 12, wherein the closed
circumference of each said unit cell including six nodes.

14. The mesh according to claim 1, wherein the unit cells
on a first axial side of a string and the unit cells on a second
axial side of the string are alike.

15. The mesh according to claim 1, wherein the unit cells
on a first axial side of a string are of one form, and the unit
cells on a second axial side of the string are of another form.

16. The mesh according to claim 1, wherein at least one of
the rotational symmetry axes bisects a connector strut.

17. The mesh according to claim 16, wherein at least one of
the rotational symmetry axes is located at a center of a unit
cell.

18. The mesh according to claim 1, wherein at least one of

the rotational symmetry axes is located at a center of a unit
cell.



